The damage tolerance of various lay ups of thin carbon/epoxy laminates (1.6 2.2 mm thick) is examined by compression after impact (CAI) tests, using a new testing device which adapts to the thicknesses of the specimens and does not require tabs nor any modification of the specimen geometry. The compression stress state was not modified by the presence of the device, as was verified by numerical simulation. With this device, CAI tests were done of different carbon/epoxy laminate lay ups (quasi isotropic, cross ply and woven) and the values of the residual strength and the normalized residual strength of the laminates were obtained as a function of the impact energy. The woven laminate was found to offer the highest residual strength under all the impact energies, and the quasi isotropic laminate the least loss of normalized strength as the impact energy was raised.
Introduction
Carbon fiber/epoxy laminates are widely used in aeronautic and aerospace structural components mainly because of their excellent specific mechanical properties. They may suffer damage during their manufacture, assembly, maintenance or service life, caused by different types of impact, of which low-energy impact is considered the most dangerous [1, 2] , because the damage may escape detection in a routine visual inspection of the impacted surface of the component [3] . The impact energy causing visible damage to the component may be well above that which has a significant effect on the mechanical properties [4, 5] . Delamination is probably the most serious problem, given the difficulty of its visual detection and the extent to which it lowers the mechanical properties [6] . The greatest reduction is that of the compression strength [7, 8] which may be up to 40 60% of that of an undamaged structural element [9] . So damage tolerance is an important factor in the design of aeronautic and aerospace components made of laminated materials.
Damage tolerance in laminates is usually studied by determining the effect of different impact energies on their residual strength, the compression after impact (CAI) test being the experimental test of components damaged by low energy impact. The global testing process has two steps: in the first, the specimen is subjected to low-energy transverse impact that generates a certain degree of damage inside the laminate; then the damaged specimen is tested in in-plane compression to determine its residual strength. CAI tests must be carried out in a device that avoids global buckling of the impacted specimens, so that failure comes as the delamination progresses with the local buckling of the sublaminates produced by impact.
Several organizations and companies have published recommendations for the CAI test (NASA [10] , Boeing [11] , SACMA [12] , CRAG [13] ), but there is no universal standard (ASTM or ISO) that would state the specimen geometry and the test variables. Most of the tests to generate laminate damage are done with a drop weight tower testing device [1,14 19 ] that reproduces the impact of a large mass at relatively low velocity (a few meters per second). The size of the specimen and the clamping system vary from one study to another but the devices and the procedures are similar. However, notable differences are found in the subsequent compression tests of the damaged specimens. The large aeronautic and aerospace companies (NASA, Boeing) normally use thick specimens (>3 mm) with their top and bottom edges clamped, and the lateral edges supported, to avoid failure by global buckling of the specimen which is usually narrow. In the test adopted by CRAG, the specimen is fitted with tabs at each end. These methods call for very large specimens, so a great deal of material would be needed. On the other hand, in many aeronautic and aerospacial applications, the laminates used in structural components are thin (1.5 2 mm) such as those in the cryogenic tanks of H 2 of reusable launch vehicles [20 22] and in the fan blade of a turbojet engine [23] . This means that the data obtained from the above-mentioned tests might be inapplicable to the actual structure since the damage mode depends in part on the thickness of the mechanical component. Prichard and Hogg [9] used these tests with small thin specimens, but other authors [24] have shown that at thicknesses below 2 mm, the same methods can produce local crushing damage in the loading zone and generate erroneous residual strength values. Tabs have been proposed for thin specimens as a method of avoiding this problem [25] and in other studies [24, 26] , antibuckling plates are used in addition; this avoids global buckling of the specimen but does not prevent the local buckling of the sublaminates generated by the impact. The antibuckling plates have a centre hole so that they do not alter the impact damage surface. The objection to these methods is that specimens with end tabs need grips to be fixed, as in tensile tests, and they have to be narrow, which could mean a change of their geometry before the compression test [27] . Also an accurate alignment of the specimen is required and the use of tabs makes the test more complicated. To avoid these drawbacks, some authors have used loading plates with a slot in which the specimen is placed between antibuckling plates [15] . Other methods use a device that can be adapted to the thickness of the impacted specimens and does not require either lateral guides or antibuckling plates, the specimen being sized to avoid global buckling [28] .
There are, then, problems in testing damaged composite materials in compressive conditions. The test methods of aeronautic companies and other organizations recommend the use of large specimens of thickness above 3 mm. This requires a great deal of material and a high cost, and the test specimens do not always correspond to the actual material of the structure. There is no generally accepted method of testing small specimens of less than 3 mm thickness; most proposed methods have to use tabs and narrower specimens, and this implies a change in the specimen geometry in some cases and further complexity in the test.
Several authors have studied the reduction of the compression residual strength, but most have centered on quasi-isotropic laminates [1,4,14 16,19,24,29 31] and a few on other tape lay-ups and woven laminates (two-dimensional fabric) [27,32 35] .
In this work, the damage tolerance of different lay-ups of carbon fibre/epoxy laminates, of thicknesses between 1.6 and 2.2 mm, was considered. Two tape laminates (quasi-isotropic and cross-ply) and a woven laminate were tested. The residual strength and the normalized residual strength were obtained and examined to find how these are modified by changes of the impact energy. A new device for the CAI tests of the thin laminates was designed, which avoids the above mentioned problems. Numerical simulation showed that in a uniaxial compression test, the stress is not altered with this new device.
Experimental set-up

Description of the CAI device
The device used to test different thin laminates (1.5 2.2 mm) had to adjust to their thicknesses, and avoid altering their geometry with a narrowing of the specimens that would modify the impact damage. The use of tabs was ruled out to simplify the test.
Considering these requirements and trying to avoid the problems of other investigations, several devices were designed (Fig. 1) . One of these, similar to those of the aeronautical groups (SACMA, NASA or Boeing) and to that of Duarte et al. [15] , adapted to the geometry of the impacted specimens used in the study, is shown in Fig. 1 . CAI devices developed.
Fig. 1(a).
After the CAI test of the specimens, compression shear failure in the free area between the supported and the clamped zones, near the top loading plate ( Fig.  2(a) ) was observed, and in several specimens, crushingbrooming failure was observed ( Fig. 2(b) ) at the other end, as Prichard and Hogg [9] and Liu et al. [25] had found.
Another set-up is shown in Fig. 1(b) . It used two antibuckling plates with a square central opening, similar to those proposed by Sjö blom and Hwang [26] , and by Nettles and Hodge [24] . Failure in the specimen was by compression shear in one of the free zones, between the loading and the anti-buckling plates (Fig. 3) . The specimen fracture occurred by this mechanism and not by local buckling of the delaminated areas.
A third set-up, shown in Fig. 1 (c), avoids these problems. Each of two antibuckling plates was modified by splitting it into two parts, an upper and a lower plate. The two rear plates were welded to the loading plates. Both halves had a rectangular opening in the middle that left the central surface of the specimen free and did not modify the surfaces damaged by the impact. The dimensions of the set-up were adapted to the geometry of the specimens (78 · 78 mm). The antibuckling halves measured 111.5 · 37 mm and the central opening 50 · 26.5 mm. The specimen was placed in the set-up and each of the front antibuckling plates was screwed to the rear plates by four hand-tightened screws, which allowed free compression of the specimen and avoided global buckling. A free zone of 4 mm is left between the upper and lower antibuckling plates. The positioning and alignment of the specimen in the loading direction is ensured in the test device when it is placed in the hydraulic machine, by the union of each part of the rear antibuckling plate to the loading plates (Fig. 4) .
With this set-up, failure occurred in the zone damaged by local buckling of the sublaminate produced by the impact (Fig. 5 ). Fig. 6 shows how specimen failure was caused by the delamination extension perpendicular to the loading direction.
Influence of the antibuckling plates on the stress distribution
To determine the influence of antibuckling plates on the specimen stress distribution, a numerical simulation was made of an ortotropic laminate [0/90] 3S subjected to compression in 0°direction, using the finite element ABAQUS/Standard code [36] . The 78 · 78 mm specimen was discretized by three-dimensional brick elements of eight nodes and reduced integration, making 40 elements on each edge and 12 elements through the thickness, one for each ply (Fig. 6) . The material was considered ortotropic, with the elastic constants shown in Table 1 , representative of a tape lamina AS4/3501-6 at room temperature.
In the nodes of the lower edge of the specimen, displacement was blocked in the loading direction, while in those of the upper edge this was 0.8 mm, the maximum recorded in the experimental tests. To account for the influence of the antibuckling plates, the following boundary conditions were applied on the specimen surface: the nodes of specimen zones in contact with the antibuckling plates (shaded in Fig. 7) were given a spring perpendicular to the laminate surface. Discounting the possible bending of the antibuckling plates and therefore assuming that they remain flat during the test, the rigidity of each spring was obtained by an even distribution of the axial stiffness of the screws securing the opposite antibuckling plates.
The antibuckling plates were placed to restrict outof-plane movement of the specimen. The stiffness of the screws securing the opposite antibuckling plates was not very high in order to allow an increase of the specimen thickness due to the Poisson effect. Fig.  8 shows the contour of normal stress in the compression direction in 0°and 90°plies (the results in the laminate plies with the same fibre orientation being identical). The contact normal force between plates and specimen did not distort the stress distribution significantly, as it is desirable in this kind of test. The effects of the screws were modeled by springs of appropriate stiffness and consequently only small differences in the stress contours were observed. In the ply with the fibres orientated in the loading direction ( Fig. 8(a) ), the antibuckling plates do not affect the stress state in the zones of the specimen that are in contact with them; the variations are of about 2% in the centre and 4% at the edge as compared to those of a theoretical situation of uniaxial compression without the antiblucking plates. This was verified by an additional simulation in which the springs were eliminated, leaving both sides of the laminate free, imposing the same boundary conditions on its upper and lower surfaces and restricting the displacement perpendicular to the laminate plane in the nodes of the symmetry surface (Fig. 9) . In the ply with fibers perpendicular to the loading direction ( Fig. 8(b) ), the antibuckling plates produce rather higher stresses: 4% in the zones in contact with them and smaller stress concentrations in very localized areas. The stresses in all the plies in the centre of the specimen free surface (no contact with the antibuckling plates) were identical to those of the theoretical situation (the normal stress is À104.5 MPa in 0°ply and À24 MPa in 90°ply).
Materials and experimental tests
Materials
The carbon fibre/epoxy composites used in this study were woven AGP193-PW/8552 (10 plies) and tape AS4/ 3051-6 with two lay-ups: cross-ply [0/90] 3S and quasiisotropic [45/0/90] S . The laminates were manufactured by SACESA in its facilities in Sevilla (Spain) from HEX-CEL prepegs with a volumetric content of fibers of 60% and with the quality requirements this company uses for aeronautical applications. The thicknesses of the resulting laminates were: 2.2 mm for woven laminate, 2.2 mm for cross-ply laminate, and 1.6 mm quasi-isotropic laminate. The size of the specimens was 78 · 78 mm.
Mechanical tests
Impact test
The low-velocity impacts on the specimens were made with a drop weight tower, CEAST Fractovis 6785. The specimens were clamped around their edges by a 60 mm diameter ring, the circular support preventing any misorientation of the specimen. The semispherical tip of the impactor was of 20 mm diameter and its total mass 3.26 kg.
The damage modes (matrix cracking, delamination and fiber fracture) caused by the impact varied with the impact energy and the laminate lay-up. A test of each laminate with a single energy would not clarify the material behaviour. Four impact energies, between the threshold level and that producing perforation of the laminates, were chosen. As these were of different thicknesses and lay-ups, different impact energies were used. All the tests were done at room temperature and three specimens of each kind of laminate and each impact energy were tested. The impactor tip was instrumented with a load cell, so the force applied by the impactor on the specimen was recorded, as well as the initial velocity at the moment of impact. By using this record (force time) and assuming the hypothesis of permanent contact between the specimen and the impactor, the displacement of their contact point could be determined by successive integrations (Eq. (1)). And from the force displacement curve, the absorbed energy up to failure was obtained (Eq. (2)):
in which F is the applied force, m the impactor mass, P the impactor weight, x 0 the initial displacement of the specimen (considered nil), and v 0 the velocity at the instant of initiating the contact of the impactor on the specimen (t 0).
CAI test
The CAI tests were done at room temperature, using an universal testing machine (Instron, model 8516), with a loading cell of 100 kN and the CAI device developed for this study. The specimens were compressed at a constant displacement rate of 0.5 mm/min. Fifteen specimens of each lay-up were tested: three control specimens (unimpacted) and three impacted specimens at each of the energy levels, to obtain by comparison the loss of residual strength caused by the impact damage.
The force applied on the specimens was measured at each instant, and from the force time curve the failure force were obtained, which gave to determine the residual strength of the specimen from Eq. (3),
in which r c is the compression strength, F max the maximum force applied, b the specimen width and d its thickness.
Results
Impact tests results
The absorbed energy of the three laminate lay-ups (cross-ply, quasi-isotropic and woven), under different impact energies was calculated. The mean value as a function of the impact energy in each laminate is shown in Fig. 10 .
In the three laminate lay-ups the absorbed energy was similar under the same impact energy, but this fact does not mean that the corresponding damaged areas were the same; in the cross-ply and quasi-isotropic laminates, the damaged area is larger than in the woven laminate. In the first two laminates, the delaminations are generated mainly by the differences between the bending stiffness of the adjacent plies, while in the woven laminate the reinforcement of all the plies has the same orientation so there is no difference between their bending stiffness. Also the weave structure of the reinforcement hinders the propagation of shear cracks and delaminations. More energy is needed to propagate cracks and consequently the damaged area in the woven laminate is smaller.
This was evident when the delamination area was measured by C-scan, a technique used in an earlier study of these laminates by the same work team [37] to measure the extension of the zone damaged by impact. Fig. 11 shows the delaminated areas of the impacted cross-ply and woven laminates subjected to the same energy (4 J). The delaminated area of the cross-ply was elliptical and larger than that of the woven laminate, in which the area was cross-shaped.
CAI tests results
Failure of damaged laminates under uniaxial compression load is caused by local buckling of the sublaminates originated in the impact. Delamination propagates mainly perpendicularly to the loading direction (90°), being smaller in 0°direction (Fig. 5) . The bending stiffness of the sublaminates is lower than that of a non-impacted laminate, so they buckle locally, and failure occurs under a lower load than in an unimpacted laminate.
The mean value and the standard deviation of the residual strength was determined in all the specimens of each tested laminate under the same impact energy. Dispersion was less than 10%, even in the undamaged specimens, which are difficult to test in compression as they are susceptible to global buckling, misalignments, and high stress concentration factors at each end. These values of dispersion are similar to those found in other investigations [9, 14] . Fig. 12 shows the average compression strength of the test specimens as a function of the impact energy, including those of unimpacted specimens. From this Figure the effect of the impact energy on the residual strength was evaluated in the laminates tested. All showed the same trend towards the variation of the residual strength, a fairly sharp reduction at low impact energy and rather less as the impact energy was raised. The woven laminate is seen to have a greater residual strength under all the impact energies, and the quasi-isotropic the lowest (Fig. 12) . The higher residual strength of the woven laminate is due to the control of shear cracking and delamination by the architecture of its reinforcement. Fig. 13 shows the normalized strength, which gives a better indication of the influence of the impact damage on the strength of the material. This property is defined as the ratio between the average strength of the specimens damaged by a given impact and the unimpacted ones.
The cross-ply laminate shows the greatest reduction of the normalized strength. At an impact energy of 4 J, the reductions of this strength are: 28% in quasiisotropic laminate, 37% in woven laminate and 43% in cross-ply laminate. The reduction may be due to the 90°orientation of the inner plies, making the central sublaminate less stiff, more unstable, and liable to fail under a much lower load. The smallest reduction of the normalized strength was observed in the quasi-isotropic laminate, even though its CAI strength is the lowest of all the impact energies (Fig. 13 ). This lower reduction may be due to the ±45°surface plies, which serve to protect the loadbearing 0°plies against damage induced by impact [35] .
The CAI strength values do not coincide with those of other works which used a quasi-isotropic laminate of different thickness and size, although the normalized residual strength of this laminate (Fig. 13) is similar: Srinivasan et al. [30] obtained values of 0.8 under 3 J and of 0.71 under 5 J impact energies.
Conclusions
There is no standard CAI set-up to test thin laminates. In this work, a new device was designed for CAI tests of small thin specimens, which does not require tabs neither to modify their geometry, thus simplifying the test. This device assures that laminate failure occurs by delamination propagation perpendicular to the loading direction, the propagation being less in the loading direction. A numerical simulation confirmed that the stress in a specimen with the antibuckling plates developed in this work reproduces that of the uniaxial compression state.
Impact tests were done in a drop weight tower over a range of energies to provide a wide picture of the material behaviour. All the tested laminates gave similar values of absorbed energy under the same impact condition but the damage modes were different; this implies a different residual material behaviour.
The highest value of compression strength under all the impact energies was that of the woven laminate, and the lowest that of the quasi-isotropic. The better compression strength of the woven laminate is attributed to the architecture of the reinforcement which controls the spread of damage. The quasi-isotropic showed the smallest reduction of the residual strength at all impact energies.
Quasi-isotropic laminates showed better damage tolerance than the other laminates, since their normalized strength reduction was the smallest at all the impact energies tested. This may be due to the surface plies, which protect the load-bearing 0°plies against impact damage.
The smallest damage tolerance corresponds to the cross-ply laminate, in which the non-damaged plies (90°plies) are the least stiff and therefore more unstable and liable to fail under lower stress. Impact energy (J) Fig. 13 . Normalized compression strength as a function of impact energy.
